A new configuration of an ultra-wideband (UWB) dual band-notched antenna is presented. The designed geometry consists of octagonal radiating patch, a 50 Ω microstrip feed-line on the front and an asymmetric partial ground on the back. For impedance bandwidth enhancement, a unilateral stepped structure is utilised on the ground. By etching two E-shaped slots connected to each other on the radiating patch and applying E-shaped defected ground structure on the back, dual notched bands are achieved. The antenna is printed on a low profile FR4 substrate with a compact size of 25 × 18 × 1 mm 3 . The experimental results indicate that the antenna has an impedance bandwidth from 2.55 to 21.65 GHz for voltage standing wave ratio ≤2, except the notched bands on worldwide interoperability for microwave access and wireless local area network bands. Moreover, stable radiation patterns and gains within the operating band are shown.
Introduction
Ultra-wideband (UWB) wireless system contains the frequency bandwidth of 3.1 up to 10.6 GHz, as defined by Federal Communications Commission (FCC) [1] . The UWB antenna is one of the critical components of UWB wireless systems which has earned numerous considerations because of its relatively easy structure, fast data transmission, low profile and low cost. An enhanced impedance bandwidth is one of the main characteristics of UWB wireless systems. As a result, microstrip antennas with novel structures have been suggested to meet this requirement [2] [3] [4] . Although, there are a series of interference frequency bands into UWB, such as the wireless local area network (WLAN) and worldwide interoperability for microwave access (WiMAX), which operate with the centre frequencies of 5.2 GHz (5150-5350 MHz), 5.8 GHz (5725-5825 MHz) for WLAN and 3.5 GHz (3400-3690 MHz), 5.5 GHz (5250-5850 MHz) bands for WiMAX. To solve this disadvantage, it is desirable to design a particular antenna with a dual-band-stopped function to lower natural interference. Nowadays, multiband-notched UWB antennas based on various techniques have been presented [5] [6] [7] [8] [9] . This paper presents a new structure of antenna with unilateral stepped structure and an asymmetric partial ground. In addition, by etching two E-shaped slots connected to each other on the radiating patch and applying E-shaped defected ground structure (DGS) on the back, dual notched bands are obtained. The proposed dual band-notched antenna was successfully fabricated and measured, and the experimental results exhibit a favourable agreement with the simulated ones. Section 2 describes the antenna design, discussion on results are presented in Section 3, followed by concluding comments in Section 4.
Antenna design
The structure of the antenna is shown in Fig. 1 . The antenna is fabricated on a cheap FR4 substrate with a compact size of 25 × 18 × 1 mm 3 , and relative permittivity ε r = 4.4. The antenna contains an octagonal patch, a 50 Ω microstrip feed-line on the front and an asymmetric partial ground on the back. As depicted in Fig. 1 , to obtain the broad impedance bandwidth, unilateral stepped geometry is used on the ground. Moreover, in order to earn the stopped bands at centre frequencies of 3.5 and 5.5 GHz, both the E-shaped slots connected to each other on the patch and E-shaped DGS on the back are used. The structure of the octagonal radiating patch is connected to 50 Ω microstrip feed-line with a width of 2 mm. The antenna is optimised by both the electromagnetic (EM) simulation software of Ansoft high-frequency simulation structure (HFSS) based on the finite element method [10] and computer simulation technology (CST) with three-dimensional EM simulator [11] . In the next section, the antenna design procedure will be dealt, and the effect of different parameters on return loss and also voltage standing wave ratio (VSWR) will be discussed.
Results and discussion
In this part, the dual notched band antenna with different parameters was implemented, and the simulated and measured results of the input impedance and radiation characteristics are depicted. The parameters of the antenna are studied by varying one parameter at a time and fixing the others. This section is divided into three sections: (a) full-band design, (b) notched band design and (c) radiation characteristics.
Full-band design
In this section, the design procedure of the UWB antenna with return loss curves is exhibited. Note that the simulated return loss is earned using the HFSS [10] . As depicted in Fig. 2 , return loss for four antennas with various patch configurations is presented. Regarding the four antennas, Ant. 4 with octagonal radiating patch can be a proper choice.
As far as Fig. 3 is concerned, the antenna return loss curves for four antennas with different ground configurations are exhibited. From Fig. 3 , it can be found that the ground structure plays an important role in obtaining an extended impedance bandwidth. With regard to the frequency band defined by FCC, and in order to meet UWB requirement, the ground structure of Ant. 4 is the best selection because it is able to cover the impedance bandwidth from 3.0 to 22.55 GHz.
To know why the ground structure is asymmetric, it is better to pay attention to Fig. 4 . It is quite apparent that, among various ground structures, Ant.4 with a stepped shape and asymmetry design has a broad impedance bandwidth from 3.0 to 22.55 GHz. As shown in Fig. 4 , this ground design is novel and new.
One of the key parameters in the ground structure is lx, which plays a main role in return loss and impedance bandwidth. Fig. 5 shows return loss characteristics of the antenna for different values of lx. Regarding to Fig. 5 , the optimised value for parameter lx equals 6.8 mm.
Notched band design
In this section, the main purpose is to filter the interference bands of both WiMAX and WLAN. To reach to this goal, different techniques and new methods, including two E-shaped slots connected to each other on the radiating patch and E-shaped DGS on the back, have been utilised. By adjusting these parameters, dual notched bands at centre frequencies 3.5 and 5.5 GHz can be earned. To understand more we consider Fig. 6 , which compares various VSWR behaviours for three different structures of antenna. By looking at Fig. 6 , the procedure of antenna design is distinguished. It is quite obvious from the figure that VSWR curve for Ant.1 is quite flat without any notched band, whereas by etching two E-shaped slots connected to each other on the radiating patch the first stopped band from 4.8 to 5.9 GHz is produced. On the other hand, by adding an E-shaped DGS on the back in Ant. 3 (proposed antenna), another notched band at centre frequency of 3.5 GHz is created.
Simulated VSWR characteristics of the antenna for different values of le2 is illustrated in Fig. 7 . It is apparent that le2 has a direct effect on the control of central frequency of the lower notched band at 3.5 GHz. In other words, the centre frequency is decreased from 4.2 to 3.45 GHz by increasing le2 from 8 to 14 mm. Since, by shifting the lower notched band, the upper notched bands are unaffected, it can therefore be realised that the first notched band is controllable and independent. Regarding the most favourable notched band (3.3-3.69), the best value of le2 is 10 mm.
As mentioned before, to obtain notched band at centre frequency 5.5 GHz, two E-shaped slots connected to each other are etched off the radiating patch. Fig. 8 depicts the simulated band-filtered feature by changing le. As exhibited in Fig. 8 , tuning the parameter width le can achieve a controllable centre-notched frequency range from 5 to 6 GHz for the second stopped band. Fig. 8 also depicts that le is a main factor to control the rejected VSWR value. As length le increases from 2 to 5 mm, the central frequency of the notched band is reduced from 6.7 to 5 GHz. The acceptable value of le is 4 mm. It is interesting to note that by frequency shifting the upper notched band, frequency position for the lower notched band is constant, indicating that the upper notched band is also controllable and independent like the lower one. The proposed antenna with optimal design was fabricated and tested in the Antenna Measurement Laboratory at Iran Telecommunication Research Center. The photos of the fabricated antenna in front view is shown in Fig. 9 . Fig. 10 exhibits the measured and simulated VSWR characteristics of the proposed antenna. In this figure, VSWR curves have been obtained by both softwares HFSS [10] and CST [11] . The fabricated antenna is able to cover the frequency band from 2.55 to 21.65 GHz for VSWR ≤ 2, except the notched bands from 3.4 to 4.2 GHz and 5.1 to 6.2 GHz. In addition, this behaviour was predicted by both HFSS and CST simulators. Good agreement between simulated and measured results is observed, and the difference between them is attributed to factors such as SMA connector effects, fabrication imperfections and inappropriate quality of the microwave substrate.
Time-domain analysis
Computation of the dispersion that occurs when the antenna radiates a pulse signal is also of interest. The transmit transfer functions of the antennas were used to compute the radiated pulse in various directions when a reference signal was applied at the antenna input. This signal should present an UWB spectrum covering the antenna bandwidth, and particularly the FCC mask from 3.1 to 10.6 GHz. It is depicted in Fig. 11 that a desirable approximation to an FCC mask compliant pulse can be achieved with a Gaussian seventh derivative. This pulse is represented in the time domain by [12] 
This signal and its spectrum are apparent in Fig. 11 . The pulse bandwidth falls exactly into mask desired.
Besides, with a little tolerance, the sixth and eighth derivatives can be accepted. A well-defined parameter named fidelity factor [13] is suggested to assess the quality of a received signal waveform according to the input signal, as given in (4)
where S(t) and r(t) are the TX and RX signals, respectively. For impulse radio in UWB communications, it is necessary to have a high degree of correlation between the TX and RX signals to avoid losing the modulated information. Although, for most other telecommunication systems, the fidelity parameter is not that relevant. To evaluate the pulse transmission characteristics of the proposed antenna in the case without notches, two configurations (side-by-side and face-to-face orientations) were chosen. The transmitting and receiving antennas were placed in a d = 25 cm distance from each other [14] . As shown in Fig. 12 , although the received pulses in each of two orientations are broadened, a relatively good similarity exists between the RX and TX pulses. By using (4), the fidelity factor for face-to-face and side-by-side configurations was obtained, which equal 92.6% and ∼98.2% respectively. These values for the fidelity factor indicate that the antenna imposes negligible effects on the transmitted pulses. 
Radiation characteristics

Conclusions
In this paper, a dual band-notched monopole antenna with enhanced bandwidth for UWB wireless communications was introduced. The fabricated antenna can cover a wide impedance bandwidth from 2.55 to 21.65 GHz for VSWR ≤ 2, with dual notched bands around 3.5 and 5.5 GHz from interference bands of WiMAX and WLAN, respectively. The antenna has a small geometry with a compact size of 25 × 18 × 1 mm 3 . Experimental results show that the antenna can be a good candidate for UWB communication systems.
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